Abstract: Surface enhanced Raman scattering (SERS) measurements have been carried out at different focusing conditions using objective lenses of different numerical apertures. The experimentally observed dependence of SERS intensity of thiophenol-coated Ag nano-islands shows a close-to-linear scaling with the collection aperture. The linear relationship breaks down for large numerical apertures, which suggests that the scattering is anisotropic. Numerical simulations of realistically shaped Ag nano-islands were carried out, and the spatial distribution of hot-spots has been revealed at different heights near the nano-islands. Local field enhancements of up to 100 times were estimated. The simulation also suggests an explanation for the anisotropy in the scattering observed for larger numerical aperture objectives. This appears to be due to a reduction in the local field enhancement as the electric field vector component in the plane of the shallow metal islands reduces at larger angles of incidence.
Introduction
Surface-enhanced Raman scattering (SERS) is a sensitive method for detecting analyte molecules in gas and liquid phases when they attach to or are present in the vicinity of the surface of plasmonic nanoparticles [1, 2] . The particles act as nano-focusing lenses creating "hot-spots" in the electromagnetic field. Methods of controlling the shape, size, and ordering of nanoparticles, and their two-or three-dimensional (2D or 3D) arrangements provide a way to control the "hot-spots" [3] [4] [5] [6] . Polarization and angular effects become important in the light field enhancement by plasmonic nano-focusing. When high-numerical aperture, NA, objective lenses are used to deliver excitation and to collect Raman scattering, the variation in polarization across the aperture and angular effects related to the Fresnel coefficient of reflection can become important.
Here we use microscope objectives with a range of numerical apertures to investigate how the light field enhancement and the resulting SERS signal depend on the angle of incidence. Numerical simulations have also been used to reveal how the hot-spots are distributed around the random pattern of self-organized islands of silver.
Samples and methods
Glass cover slips with a thickness of 100 µm and refractive index n of 1.47 were used without any surface treatment. A 2-nm layer of chromium (99.99% ProSciTech) was first deposited under normal incidence for adhesion purposes. A nominal thickness of 100 nm of Ag (99.99%, Sigma-Aldrich) was deposited on the cover slip under oblique angle deposition (OAD) in an Emitech K975X thermal evaporator [ Fig. 1(a) ]. During the deposition, the angle between the normal to the glass surface and the direction of the vapor flux (θ) was set to 86°. The deposition rate was maintained at 0.05 nm/s with a chamber pressure of 1×10 -4 mbar, resulting in
Ag nano-islands with a height of approximately 30 nm. More details on sample preparation can be found elsewhere [7, 8] . The morphology of the Ag nano-islands was inspected by scanning electron microscopy [SEM, Fig. 1(b) ]. The surface of the nanoparticle film was then functionalized with thiophenol (99%+, Merck) by immersing in a 10-mM ethanolic solution for ten minutes, followed by rinsing in ethanol to remove any unbound molecules. Thiophenol was used as the test analyte as it is known to form a stable self-assembled monolayer (SAM) on Ag surfaces [9] . The thiophenol SERS spectra were acquired with an InVia Streamline microscope (Renishaw, UK) and 514.5-nm excitation in a backscattering geometry. Although the incident beam was linearly polarized, the polarization of the collected scattered light was not analyzed.
In order to compare SERS signals measured with different objective lenses, the data was normalized to represent about 1 mW at the sample. For comparison purposes, the baseline-to-peak heights of the four strongest thiophenol peaks (1000 cm -1 , 1021 cm -1 , 1072 cm -1 , and 1573 cm -1 ) were averaged to arrive at a single value for each spectrum. Table 1 shows the collection angles and numerical apertures of the objective lenses used in this work (NA = n sinα, where n = 1 for measurements in air). Figure 2 shows a typical SERS spectrum measured in back-reflection from a surface coated by Ag nano-islands and decorated by a thiophenol SAM. The four major SERS peaks were averaged for comparison of the focusing effects at different NA values. To a first approximation, the average SERS signal closely follows a linear γ = 1 dependence as shown in Fig. 3 (a) but deviates at higher numerical apertures. The relationship between the solid angle of the collection cone and the numerical aperture is given in the Appendix. Panel (b) shows the intensity of the 521 cm -1 peak of Si, which follows almost perfect linear scaling with the excitation/collection angle. Si is commonly used as a calibration standard and is understood to exhibit isotropic scattering. We therefore postulate that the small deviation from linearity in Fig. 3(b) is due to uncertainty in the specification of the objectives. In contrast, the non-linearity in the thiophenol signal is quite different to silicon and therefore indicates anisotropic scattering from the SERS substrate. This observation is in keeping with previous results from a variety of SERS substrates [10, 11] . Table 1 and was calculated according to the relationship given in the Appendix).
Results and discussion

Optical characterization
Numerical simulation
In order to examine the effect of the varying numerical aperture on the excitation capability given by the plasmonic field enhancement in the textured substrate, two 3D-finite difference time domain (FDTD) models have been compared through simulations performed using the FDTD solutions software (Lumerical Solutions, Inc.). The models, whose layout cross-sections are depicted in Figs. 4(a) and 4(c), are composed of a bulk glass domain with the refractive index n = 1.5, on which Ag nanotextures are deposited in two different ways. Firstly, in order to approximate the shape of the Ag islands in Fig. 1(b) , the photo is numerically captured with six different levels of contrast, whose contours are assigned to six 5-nm Ag layers, as shown in Fig. 5 . For the layout in Fig. 4(a) , the islands are 30 nm high and are placed directly on the glass interface so that there is no direct electrical continuity, while in Fig. 4(c) , the islands are 60 nm high and are placed on top of a solid 30-nm Ag layer. This second structure is somewhat analogous to the Ag nanorod on the Ag film substrate fabricated by Liu et al. [11] , also using oblique angle deposition. In both layouts, the structure is illuminated by an x-polarized linear plane-wave source, tilted by an angle φ with respect to the z-axis, to highlight the contribution of waves at the beam boundary angle in each of the cases listed in Table 1 . The domain dimensions, given by the useable image size, are of 470 nm×325 nm×500 nm, and a mesh size of 2 nm is used, which matches the granularity of the imported image. A single simulation takes about 3 hours to complete on a supercomputing Linux cluster, employing 8 nodes (each consisting of 8-core processors and 16-GB memory) and 10-GB total memory.
The simulations show a field enhancement of up to two orders of magnitude, but the hot-spot configuration is remarkably different: if there is no electrical continuity, the field is concentrated at the interface between the Ag islands and the glass substrate, while in the presence of the solid Ag layer, the maximum enhancement is found at the island tips. In the first case, Fig. 4(b) shows the maximum enhancement at the interface in a 100-nm bandwidth centered at the laser wavelength of 514 nm, while in the second case the tip enhancement over the same bandwidth is shown in Fig. 4(d) . Only the two extreme values from Table 1 are shown for comparison. For the shorter island structure as it is captured from the image, the enhancement is generally increasing with the wavelength, while the enhancement of the taller islands peaks at around 490 nm. This peak provides maximum enhancements in the bandwidth that are 20% to 50% larger than that at 514 nm and are relatively independent of the incidence angle.
The hot spot distribution has been investigated by taking the field cross-section on the xy-plane at the locations of the respective maximum fields, as shown in the log-scale plots of The excitation efficiency tends to decrease for wider incident angles, but this effect is more pronounced for the nano-island film than for the taller rods on the Ag film. The decrease is to be expected for large angles of incidence as the electric field component in the xy-plane is reduced and becomes less effective in exciting dipole resonances between neighbouring structures. In this interpretation, dipole resonances in the thin metal island film tend to be confined to the xy-plane, whereas the thicker nanorod on the Ag film structure can excite dipoles over a larger range of angles extending out of the plane. Extending this idea, the high NA objectives add more k-vectors to the incident beam, which could potentially activate a larger number of hot-spots, particularly in more extended 3D structures. The metal-island surface may also become more reflective at larger angles of incidence, which may lead to a reduction in enhancement. These concepts must be confirmed in future work.
Despite a decrease in the excitation efficiency for marginal rays, the higher-NA objectives are able to collect more light from the sample. This causes a more even sample illumination and is useful in situations where photo-bleaching is present. Moreover, with a more regularly textured surface, the effect can be used to tailor the activation of specific parts of the sample with nanometric precision.
Conclusions
A self-assembled monolayer of thiophenol was detected on the surface of silver nano-islands at different excitation-collection angles. A close-to-linear SERS intensity scaling was observed, with a small but significant decrease in the measured intensity for the highest numerical aperture objective lenses of NA = 0.75 and 0.85. This indicates that the scattering from the Ag island films is anisotropic. Numerical simulations revealed the locations of hot-spots at the interface between the substrate and nano-islands of Ag, or on the island tips if placed on a conducting base layer of Ag. The model suggests that intensity enhancement of up to 100 times can be achieved, and the enhancement in hot-spot areas was predicted to decrease at larger incident angles (larger NA), particularly for the thin nano-islands. We postulate that this reduction in the hot spot intensity accounts for the anisotropy in the scattering observed with large NA objectives.
